The types and roles of both 'processing' and 'processive' proteases 
Introduction 77 78
Over a billion years of plastid evolution since the endosymbiosis of ancestral cyanobacteria 79 (Douzery et al., 2004) , chloroplast biogenesis has gained complexity, with large sets of the 80 endosymbiont genes being transferred to host nuclear genomes. While only a hundred 81 endosymbiont genes remain in the plastid genome, with the corresponding proteins 82 biosynthesized there, the nuclear genes have often gained complexity by duplication and 83 diversification of the original endosymbiotic genes. This complexity raises numerous 84
questions regarding i) at what level(s) gene expression is coordinately controlled, ii) what 85
molecules coordinate crosstalk between chloroplasts and the nucleus, iii) how proteins get 86 across membranes and become imported into chloroplasts, and iv) how the stoichiometries of 87 nucleus-and chloroplast-encoded subunits within individual chloroplast protein complexes 88 such as photosystems and rubisco are strictly maintained. Given these questions, chloroplast 89 biogenesis has remained a central subject in plant physiology for the last few decades (Jarvis 90
and Lopez-Juez, 2013). In our view, the aforementioned questions point to the importance of 91 protein homeostasis and post-translational modification, in which proteases play a dominant 92 role. We therefore focus on the major events of proteolysis governed by chloroplast proteases, 93 paying particular attention to what kinds of proteases are present and how they exert their 94 functions in chloroplasts. 95 In this review, we describe the major protease machineries and their intraorganellar 96 functions in proteolytic regulation of the intraplastid proteome landscape, the latter of which is 97 addressed as three case studies covering the different chloroplast compartments (envelope, 98 stroma, and thylakoids). More detailed descriptions of each chloroplastic protease can be 99 found in previous reviews (Kato and Sakamoto, 2010; Clarke, 2012; Teixeira and Glaser, 100 7 containing catalytic subunits ClpP3/P4/P5/P6 in a 1:2:3:1 ratio and the R-ring containing 162 proteolytically-active ClpP1 (the only chloroplast-encoded subunit) and proteolytically-inactive 163 ClpR1/R2/R3/R4 proteins in a 3:1:1:1:1 ratio (Olinares et al., 2011) . Clp core assembly and 164 stabilization require plant-specific accessory proteins ClpT1/2 (Peltier et al., 2004; Sjogren 165 and Clarke, 2011; Clarke, 2012; ). Loss-of-function mutants for the ClpC1 166 chaperone and ClpPRT core show pale-green, seedling-lethal, or embryo-defective 167 phenotypes, whereas knockouts for two adaptor proteins and ClpC2/D display no visible 168 effects, underscoring their distinct contributions to plant development. and FtsH1 (type A) and between FtsH2 and FtsH8 (type B) (Yu et al., 2004 (Yu et al., , 2005 Zaltsman et 178 al., 2005) , suggesting that FtsH exists as a hexameric hetero-complex with two types of 179 isoforms. The stoichiometry of type A to type B subunits in an FtsH complex is estimated as 180 2:4 (Moldavski et al., 2012), whereas the cyanobacterial prototype comprises type A and B 181 subunits in a 3:3 ratio with an alternating arrangement (Boehm et al., 2012) . FtsH2 and FtsH5 182 are targeted to the thylakoid via the TAT (twin-arginine translocation) and the SEC (secretion) 183 pathway, respectively (Rodrigues et al., 2011) . Leaf variegation phenotypes are observed in 184 mutants for FtsH2 (also known as YELLOW VARIEGATED2, VAR2) and FtsH5 (YELLOW 185 VARIEGATED1, VAR1) (Figure 2 ). FtsH2 and FtsH5 are respectively the most abundant and 186 the second most abundant FtsH isomers, reflecting the severity of their loss-of-function 187 phenotypes of leaf variegation compared to the two other minor subunits, whose knockouts 188
show wild-type-like appearance (Sakamoto et al., 2003; Zhang et al., 2010) . Reactive oxygen 189 species (ROS), including superoxide radicals and hydrogen peroxide (the former of which is 190 shown in Figure 2 ), are detected in the green but not the white leaf areas, specifically in the 191 chloroplasts, of the var2 mutant grown even under normal light conditions, indicative of its 192 persistent photooxidative stress (Kato et al., 2009 factor (Park and Rodermel, 2004; Miura et al., 2007; Yu et al., 2008; Liu et al., 2010; Liu et al., 198 2010; Adam et al., 2011; Yu et al., 2011; Liu et al., 2013; Wu et al., 2013; Powikrowska et al., 199 2014; Hu et al., 2015; Ma et al., 2015; Qi et al., 2015) . Several models have been proposed to 200 explain leaf variegation suppression but the precise mechanism remains elusive (Miura et al., 201 2007; Yu et al., 2008) . 202 Another set of FtsH isomers, FtsH7/9/11/12, is present in the envelope ( Figure 1; ; 203 Wagner et al., 2012) . FtsH7/9 share high sequence similarity and have therefore been 204 speculated to constitute a heteromeric protease complex. FtsH11 is involved in 205 high-temperature tolerance, which is reminiscent of its bacterial prototype (Chen et al., 2006; 206 Chen et al., 2007) . High light responses in the ftsh11 mutant are normal, unlike the variegated 207 mutants defective in FtsH2/FtsH5. FtsH11 is a potential target for an intramembrane protein 208 degradation pathway (see below; Knopf et al., 2012) . FtsH11 is also localized in mitochondrial 209 inner membranes, where it seems to act in parallel with FtsH4 (Urantowka et al., 2005) . 210
FtsH11 has a unique N-terminal extension of unknown function. Although the proteolytic 211 domain of mitochondrial FtsH11 faces the inner membrane space, similar to FtsH4 and the 212 yeast ortholog, its membrane topology in the chloroplast is not known. 213
The other chloroplastic isomer, FtsH6, is dispensable for normal growth under high 214 light and natural environmental stress conditions. However, its suborganellar location and 215 precise function remain unclear (Wagner et al., 2012; Lu et al., 2016 protein interaction (Schuhmann and Adamska, 2012) . Deg1/5/8 and Deg2/7 are respectively 226 present in the lumenal and stromal sides of the thylakoid membrane (Figure 1 ). The number 227 of PDZ domain differs among Degs; there is one in Deg1/8, two in Deg2, four in Deg7, and 228 none in Deg5 (Schuhmann and Adamska, 2012) . Monomeric Deg forms a trimer, with each 229 protomer connected via the protease domain, and trimeric units assemble through 230 interactions between the PDZ domains into higher-ordered oligomers, including hexamers 231 (Clausen et al., 2002) . For example, Deg1 undergoes a conformational transition from its inert 232 monomer through the trimeric intermediate to the active hexamer upon lumenal acidification 233 (Kley et al., 2011) . Deg7 has a characteristic primary structure comprising one active and one 234 degenerated protease domain with four PDZ domains. Its trimerization is mediated by the 235 degenerated protease domains (Schuhmann et al., 2011) . Deg2 possesses two PDZ domains 236 (PDZ1 and PDZ2) and forms a hexamer by dimerization of trimers through interactions of the 237 PDZ2 domain with the protease domain and with the PDZ1 but the hexamer is quite rigid in 238 structure and rather inactive, whereas a higher-ordered structure is suggested to represent 239 the active state (Sun et al., 2012) . Proteolytically-inactive Deg5 and proteolytically-active 240
Deg8 together constitute a stable hetero-hexameric complex in a 1:1 ratio (Sun et al., 2007) . 241
242

Processing proteases 243
Most plastid proteins are encoded in the nuclear genome and biosynthesized in cytosol as 244 preproteins bearing N-terminal transit peptides, followed by trans-envelope protein import 245 through the TOC/TIC channels (Jarvis and Lopez-Juez, 2013). Imported pre-proteins are 246 subjected to sequential proteolytic processing for transit peptide cleavage and maturation. 247 Many thylakoid proteins, including photosynthetic proteins of the thylakoid membrane, are 248 subsequently sorted to their proper locations through bacterial-like SEC, TAT, and SRP (signal 249 recognition particle) pathways. Their N-terminal bipartite transit peptides, which consist of a 250 thylakoid transfer signal (TTS) following the transit peptide, are also cleaved by limited 251 proteolysis (Celedon and Cline, 2013) . Stromal processing peptidase (SPP) is a metalloendopeptidase that removes 253 transit peptides from preproteins with broader substrate specificity (Richter and Lamppa, 254 1998). Transit peptide degradation involves one or two isoforms of the presequence 255 peptidase (PreP1/2), which belongs to a metalloendopeptidase family (Stahl et al., 2002 and it cleaves TTSs off of preproteins (Chaal et al., 1998) . Plsp1 functions as the TPP in 267 maturation of a subset of the SEC/TAT substrates and is necessary for proper thylakoid 268 formation (Endow et al., 2010; Shipman-Roston et al., 2010; Midorikawa et al., 2014 CtpA (C-terminal processing protease), a monomeric serine-type protease that 273
cleaves off a C-terminal extension for maturation of the D1 precursor protein, is another type 274 of processing peptidase in the thylakoid lumen (Anbudurai et al., 1994; Fujita et al., 1995; 275 Oelmuller et al., 1996; Satoh and Yamamoto, 2007; Che et al., 2013) . Its basic structure 276 contains a PDZ domain for D1 C-terminus binding and a protease domain with an S-K dyad 277 for proteolysis (Liao et al., 2000) . Following the above overview of the major protease machineries in the chloroplast, we here 282 present three case studies of proteolytic regulatory processes based on their intraorganellar 283 compartments, namely the envelopes (case 1), stroma (case 2) and thylakoid membranes 284 (case 3). In case 1, recently-discovered regulation and quality control mechanisms of protein 285 import across the outer and inner envelopes by the actions of extraplastid as well as 286 intraplastid protein degradation machineries are illustrated. Case 2 describes multiple 287 proteolytic events involving the stromal processive protease or the processing peptidases. 288
Examples of environmentally-responsive proteolysis are also included. Finally, in case study 3, 289 proteolytic functions in thylakoid protein biogenesis, homeostasis and quality control are 290 proteasome and Clp) 294 
295
Proteolytic reorganization of protein import machinery by cytosolic ubiquitin-proteasome 296
system 297 Jarvis and coworkers demonstrated that the ubiquitin-proteasome system regulates protein 298 import across the chloroplast outer envelope through degradation of TOC components. 299
Genetic screening for the suppressors of a TOC33 knockout mutant (plastid protein import1; 300 ppi1) has identified a RING-type ubiquitin E3 ligase, SUPPRESSOR OF PPI1 LOCUS1 (SP1) 301 (Ling et al., 2012) . SP1 has a cytosolically-exposed RING finger domain for ubiquitination and 302 two transmembrane domains for integration into the outer envelope, where it recognizes TOC 303 components including TOC75, TOC159, and TOC33 through its intermembrane-space 304 domain. SP1 ubiquitinates these client proteins for proteasome-mediated proteolysis ( Figure  305 3). The TOC complexes use different receptor isoforms for the recognition of distinct sets of 306 pre-proteins (Paila et al., 2015) . Therefore, SP1 functions in plastid proteome remodeling 307 through reorganization of the TOC constituents, thereby regulating organellar differentiation in 308 response to environmental context. The sp1 mutant shows inefficient de-etiolation upon 309 illumination and delayed chloroplast-to-gerontoplast transition during dark-induced 310 senescence, whereas the SP1 overexpressor exhibits enhanced de-etiolation and 311 senescence (Ling et al., 2012) . Whether the TOC reorganization involving the 312 ubiquitin-proteasome system accounts for proteomic changes during the other plastid 313 differentiation stages deserves future investigation. 314 Interestingly genetic studies have suggested the involvement of SP1 in abiotic stress 315 responses through proteolytic regulation of the protein-import apparatus (Ling and Jarvis, 316 2015). The Arabidopsis genome encodes two SP1 homologs, SP1-LIKE1/2 (SPL1/2), both of 317 which are outer envelope proteins. SPL1 is the closest homolog of SP1, but its 318 overexpression failed to complement the sp1 mutation, likely due to distinct target specificity 319 (Ling et al., 2012) . Potential ligands for these E3 ligases include other outer envelope proteins 320 such as enzymes involved in lipid metabolism, regulators for chloroplast division/movement, 321
and an envelope-associated PHD transcription factor mediating retrograde signaling (Huang 322 et al., 2013) . , 1997; Nielsen et al., 1997; Kouranov et al., 1998) . The N-terminal domain of ClpC is 328 important for its envelope localization (Chu and Li, 2012 whereas ClpD is localized exclusively in the stroma (Sjogren et al., 2014) (Figure 3) . Through 332 quantitative analysis of the ClpC-ClpPR stoichiometry, all envelope ClpC proteins (30% of 333 total ClpC) are presumed to function together with the proteolytic core. The Clp protease is 334 unlikely to be involved in the maintenance of the TIC machinery itself (Sjogren et al., 2014) . 335 Rather, it seems to participate in a protein quality control mechanism for surveying preproteins 336 being released from the TIC complex, in particular during transit peptide processing and 337 subsequent refolding, to assure the integrity of the chloroplast proteome (Sjogren et al., 2014) . 338 Indeed the protein import efficiency is reduced in mutants for the proteolytic core as well as 339 the chaperones. In addition, mutated Clp chaperone that is defective in protease core 340 interaction fails to import proteins efficiently despite its normal envelope association 341 Aberrant accumulation of peptides generated by protein degradation or preprotein processing 368 can affect plastid function and physiology and must therefore be removed. Upon arrival in the 369 stroma, SPP binds with a broad spectrum of specificity to the transit peptides and removes 370 them by a single endoproteolytic reaction, with subsequent release of the mature proteins but 371 not the transit peptides Lamppa, 1999, 2002) . Recent proteome analysis showed 372 that a substantial number of stromal proteins have multiple distinct N-termini, implying the 373 presence of multistep N-terminal processing mechanisms or simply reflecting SPP's 374 imprecise site specificities (Rowland et al., 2015) . The cleaved transit peptides are subjected 375 to additional trimming into smaller fragments by SPP and are degraded further by PrePs and 376 OOPs in the stroma (Teixeira and Glaser, 2013) (Figure 3 
Regulation of metabolic pathways 388
Chlorophyllide a oxygenase (CAO) is a key enzyme converting chlorophyll a to chlorophyll b 389 during chlorophyll biogenesis. CAO protein stability is subject to negative feedback regulation 390 in response to chlorophyll b metabolite levels (Yamasato et al., 2005) . CAO degradation 391 involves the Clp system (Nakagawara et al., 2007) . CAO is localized in thylakoid and inner 392 envelope membranes (Eggink et al., 2004) , where it is accessible to the Clp protease. A short 393 degradation signal, the CAO degron, is located in the N-terminal domain of CAO (Sakuraba et 394 al., 2007; Sakuraba et al., 2009 ). A plausible model for metabolite-dependent CAO 395 degradation has been proposed; in the model, the CAO degron would be located within the 396 interior region in the absence of chlorophyll b, but would be exposed to the exterior through a 397 structural change in the presence of chlorophyll b such that the degron could be recognized 398 by the protease (Sakuraba et al., 2009) . 399
Glutamyl-tRNA reductase (GluTR) catalyzes the initial step generating 400 glutamate-1-semialdehyde from glutamyl-tRNA (Glu-tRNA) during tetrapyrrole biogenesis. 401 GluTR is directly recognized through its N-terminal region by the ClpF-ClpS1 binary adaptor 402 system as well as by ClpC chaperones for proteolysis (Nishimura et al., 2015; Apitz et al., 403 2016). GluTR is localized in the stroma and thylakoids. Its thylakoid localization is mediated in 404 part by GluTR-binding protein (GBP) (Czarnecki et al., 2011) . GluTR abundance in the 405 thylakoid is reduced in the absence of GBP, suggesting accelerated destabilization of GluTR. 406
A possible mechanism has been proposed in which Clp-dependent proteolysis and 407 GBP-assisted stabilization together fine-tune GluTR accumulation to optimize chlorophyll and 408 heme biosynthesis (Apitz et al., 2016) . Glu-tRNA is a substrate not only for GluTR in the 409 tetrapyrrole pathway but also for chloroplast ribosomes in translation; these two enzymes 410 consume it competitively. The observation that the ClpS1-null mutant is sensitive to a 411 translational inhibitor has led to the inference that ClpS1 can modulate chloroplast protein 412 biosynthesis by regulating the Glu-tRNA flux through GluTR degradation (Nishimura et al., 413 2013; Nishimura and van Wijk, 2015) . 414 Degradation of a key metabolic enzyme deoxyxylurose 5-phosphate synthase (DXS) 415 in the methylerythritol 4-phoshate pathway for isoprenoid biosynthesis is regulated by 416 metabolite levels (Guevara-Garcia et al., 2005; Han et al., 2013) . Furthermore, inactive DXS 417 is likely recognized by a J protein, J20, which functions as an adaptor delivering misfolded or 418 damaged client proteins to Hsp70 chaperone for either refolding or proteolysis depending on 419 intracellular contexts (Pulido et al., 2013) . The decision of dysfunctional DXS refolding versus 420 degradation is proposed to involve the actions of stromal ClpB3 and ClpC1 chaperones; 421
ClpB3 may function together with Hsp70 in the DXS reactivation while ClpC1 likely recognizes 422 the enzyme for proteolysis (Pulido et al., 2016 
Regulation of metal homeostasis 435
Copper transporter PAA2/HMA8 is an integral thylakoid membrane protein that delivers 436 copper ions to plastocyanin (PC) in the lumen (Abdel-Ghany et al., 2005) . PAA2/HMA8 437 abundance is down-regulated in response to high copper concentrations (Tapken et al., 2012) . 438 This copper-induced down-regulation involves proteolysis by the stromal Clp system rather 439 than thylakoid-located FtsH protease (Tapken et al., 2015) . 440 How the Clp system recognizes and degrades PAA2/HMA8 remains an important 441
question. Genetic studies showing that its proteolytic regulation requires the ClpC chaperone 442
and ClpPR core but not the adaptor protein ClpS1 suggests that the chaperone directly 443 recognizes the substrate depending on the copper level. PAA2/HMA8 has eight 444 transmembrane domains, with the N-terminal domain, three internal loop structures and 445 C-terminal tail exposed to the stromal side (Bernal et al., 2007) . In particular, the N-terminal 446 domain contains a metal-binding motif, which potentially induces a conformational change in 447 response to elevated copper levels. This change might well trigger PAA2/HMA8 recognition 448 by the Clp chaperone, similar to its CAO recognition. Another copper transporter, PAA1/HMA6, 449 is present in the inner envelope membrane (Shikanai et al., 2003) . Its accumulation is 450 unaffected by high copper conditions (Tapken et al., 2012) . It is noteworthy that some of the 451 ClpS1 targets isolated through affinity purification are metal-binding or metal-related proteins 452 (Nishimura et al., 2013 (Shackleton and Robinson, 1991; Frielingsdorf and Klosgen, 2007; 470 
Midorikawa and Inoue, 2013). It is noteworthy that precursor PsbO is stably present in a 471
440-kDa complex that is not fully characterized but is redox-sensitive, protease-tolerant, and 472 distinct from PSII or SEC machineries, whereas unprocessed PC is prone to light-driven 473 proteolysis by unknown protease(s). The PC degradation activity must be metal-independent 474 but is dependent on stromal proteins, the proton motive force across the thylakoid, and ATP 475 hydrolysis. Thylakoid-retained PC cleavage intermediates are exposed in part to the stroma 476 (Midorikawa and Inoue, 2013) , potentially allowing the access of stromal proteases as in the 477 case of PAA2/HMA8 for Clp (Tapken et al., 2015) . PsbP intermediate is detected as a 478 monomer in the stroma when Plsp1 is missing (Shipman-Roston et al., 2010; Midorikawa and 479 Inoue, 2013) but exists within the membrane, presumably through association with the TAT 480 machinery when its TPP processing site is abolished (Frielingsdorf and Klosgen, 2007; 481 Midorikawa and Inoue, 2013). Earlier reports have shown that TAT-dependent substrates can 482 be returned to the stroma and that disruption of the TPP sites of the TAT substrates causes 483 their unprocessed intermediates to accumulate in the thylakoids, where they are likely to be 484 trapped in the sorting machinery (Di Cola and Robinson, 2005 thylakoids, where it is partially disassembled, enabling protease to access D1 for degradation. 496 Following insertion of de novo-synthesized D1, PSII is reassembled and migrates back into 497 the grana (Chi et al., 2012; Nath et al., 2013; Yoshioka-Nishimura and Yamamoto, 2014) . 498 FtsH and Deg proteases act in a cooperative manner in D1 degradation, in which 499 lumenal and stromal Deg isomers function prior to FtsH (Kato et al., 2012) (Figure 3 ). D1 has 500 five transmembrane-spanning helices (A-E). Deg5/8 and possibly Deg1 endo-proteolytically 501
cleave damaged D1 at a lumen-facing loop connecting the transmembrane helix domains C 502 and D (CD loop), whereas Deg7 and Deg2 each are likely to be responsible for the respective 503
cleavage events occurring at stroma-exposed loops between the transmembrane helices B 504 and C and between the helices D and E (Haussuhl et al., 2001; Kapri-Pardes et al., 2007; Sun 505 et al., 2007; Sun et al., 2010; Kato et al., 2012) . D1 fragments resulting from the cleavage at 506 the lumenal CD loop are detected predominantly during high light exposure (Kato et al., 2012) , 507 consistent with Deg activation through the oligomerization triggered by light-dependent 508 lumenal acidification (Kley et al., 2011) . D1 fragmentation by lumenal Deg can be initiated 509 through disruption of the manganese (Mn)-cluster of the oxygen-evolving complex (OEC) by 510 blue light, fitting with the two-step model for photoinhibition (Kato et al., 2015) , in which the 511
Mn-cluster in the OEC is primarily damaged, and the PSII reaction center is then inactivated 512 by chlorophyll-absorbed light energy (Hakala et al., 2005; Ohnishi et al., 2005) . Whether Deg 513 functions before, during, or after PSII migration remains unknown. Deg-generated D1 514 fragments are degraded further through FtsH-dependent processive proteolysis. The four 515 major isoforms FtsH1/2/5/8 together function in this process, but whether FtsH6 is involved is 516 not known. FtsH can initiate D1 degradation even in the absence of the Deg proteases, 517 possibly by pulling the stroma-oriented N-terminal tail of the D1 subunit, but the degradation 518 efficiency is enhanced in the presence of Deg proteases (Kato et al., 2012) . In cyanobacteria, 519 the D1 N-terminal tail is exposed outside the PSII complex. The absence of this N-terminal tail 520 inhibits D1 degradation, likely because of failure in N-terminus recognition by FtsH (Komenda 521 , 2007) . 522
The repair cycle of photodamaged PSII is modulated through its reversible 523 phosphorylation. The PSII core proteins D1, D2, CP43, and PsbH can be phosphorylated; the 524 phosphorylation sites are all located in their stroma-facing N-termini (Puthiyaveetil and 525 Kirchhoff, 2013). The phosphorylation and dephosphorylation of these proteins require a 526 thylakoid-associated serine/threonine kinase STATE TRANSITION8 (STN8) (Bonardi et al., 527 2005) and a stroma/thylakoid-localized protein phosphatase 2C-type PSII core phosphatase 528 (PBCP) (Samol et al., 2012) . Lack of STN8 results in enhanced Deg-dependent D1 529 fragmentation under high-light conditions (Kato and Sakamoto, 2014) , whereas PBCP defects 530 cause delayed D1 degradation in high light (Samol et al., 2012 intermediary D1 fragments are correlated with ROS accumulation, suggestive of their 532 cytotoxicity. These observations have led to the idea that PSII phosphorylation prevents 533 excessive D1 degradation to avoid the accumulation of cytotoxic cleavage intermediates. 534 Furthermore, given that phosphorylation of PSII core proteins can promote PSII migration and 535 disassembly through structural remodeling of the thylakoid membrane to facilitate D1 access 536 to the proteases (Kirchhoff, 2013) , it is plausible that PSII phosphorylation fine-tunes the 537 repair cycle by balancing D1 presentation and degradation (Kato and Sakamoto, 2014) . How 538 PSII phosphorylation modulates D1 proteolysis requires further investigation. nitrogen-depletion-stimulated cytochrome b 6 /f degradation is presumably controlled by a 548 signaling pathway involving nitric oxide (Wei et al., 2014) . FtsH-dependent cytochrome b 6 /f 549 degradation is found in sulfur-starving algal cells as well (Malnoe et al., 2014) . In addition, 550 algal FtsH participates in PSII destruction during phosphorus-starvation and sulfur-starvation 551 conditions, presumably through a proteolytic mechanism similar to the repair cycle (Malnoe et 552 al., 2014) . 553 The aforementioned macronutrient-responsive proteolytic regulation mechanisms 554 involving algal FtsH and Clp proteases might well be conserved in land plant chloroplasts. 555 Furthermore, the observations that a lack of stromal Clp induces upregulation of 556 thylakoid-localized FtsH and SppA proteases (Rudella et al., 2006) and that the loss of FtsH 557 engenders upregulation of the other chloroplast proteases, including Clp and SppA, and 558 recruitment of stromal Clp to the thylakoid (Kato et al., 2012) recent study has identified a novel N-terminal degron for FtsH-driven proteolysis in bacteria 569 (Bittner et al., 2015) , raising the question of whether such a target recognition mechanism is 570 conserved in chloroplasts. Meanwhile there have been several well-known examples of 571 proteolytic regulation of specific chloroplast proteins. Specifically, light-harvesting antenna 572 size has long been known to be strictly regulated in response to elevated light intensities, and 573 apoproteins of LHCII are thought to be proteolytically degraded (Jansson, 1994 and in mammalian mitochondria (Flynn et al., 2003; Neher et al., 2003; Westphal et al., 2012; 578 Bhat et al., 2013; Feng et al., 2013; Graham et al., 2013; Bittner et al., 2015) . Trapping 579 strategies use mutated, inactive forms of the protease or chaperone domains. By substituting 580 catalytically active with catalytically inactive degradation machineries fused to a specific tag, 581 the in vivo substrates are confined within and purified in complexes with protease assemblies 582 from the cell. Similar methodologies are worth pursuing for identification of substrates for 583 chloroplast proteases. 584
585
Regulatory circuits involving multiple proteases to optimize interorganellar proteostasis 586
Chloroplast proteases can function in a compensatory manner (see Outstanding Questions). 587 FtsH protease has long been known to interact genetically with the Clp system (Park and 588 Rodermel, 2004; Yu et al., 2008; Wu et al., 2013) . Knowledge of this interaction is based on 589 the observation that loss of Clp chaperone or protease core suppresses the leaf variegation 590 phenotype resulting from the lack of FtsH2, a major component of the FtsH machinery. It is 591 particularly interesting that ClpC2 is not the major ClpC chaperone, but its reduction is 592 somehow sufficient for suppression of a variegated-leaf phenotype resulting from al., 2008) . These findings suggest that the proteases share a common substrate 600 recognition mechanism or that they can recognize identical substrates in a distinct manner. 601
Further experimentation is needed to examine these proposed compensatory mechanisms. 602
Furthermore, dual targeting proteases could potentially regulate proteome 603 homeostasis in both organelles (see Outstanding Questions). FtsH11, Lon4, PrePs, and OOP 604 are targeted to both mitochondria and chloroplasts (Moberg et al., 2003; Kmiec et al., 2013) . 605 Given that the distribution of a dual-targeted protein is altered by organellar stress and 606 dysfunction (Nargund et al., 2012) The schematic shows multiple events in regulation of chloroplast protein homeostasis, which 635 involves not only intraplastidic but also extraplastidic protein degradation machineries. This chaperone-mediated energy-dependent continuous supply of the substrate proteins 705 allows for targeted processive proteolysis. In the Clp protease, the chaperone and the 706 protease domains are separated into two different assemblies, and small peptide fragments 707 can directly pass through a narrow entrance pore to the protease chamber where they are 708 degraded. However, folded proteins are unable to enter the pore, and substrate access is 709 controlled at the chaperone gate. Such substrate access control and degradation 710 mechanisms are also found for the cytosolic ubiquitin-dependent proteasomal degradation 711 systems. Bank Japan (PDBj). 719
